Introduction
============

Colorectal cancer (CRC) is one of the most common gastrointestinal malignancies worldwide, ranking as the third most common cancer in males and the second most common in females, with 60% of cases occurring in developed nations ([@b1-ijo-54-05-1691]). Previous studies have demonstrated that the incidence of CRC has increased considerably over the past few decades ([@b2-ijo-54-05-1691],[@b3-ijo-54-05-1691]). Histopathologically, adenocarcinoma is the most common diagnosis ([@b4-ijo-54-05-1691]). Despite considerable recent advancements in CRC therapy, the prognosis of patients with advanced disease remains poor ([@b5-ijo-54-05-1691]). Although many altered pathways ([@b6-ijo-54-05-1691],[@b7-ijo-54-05-1691]) and aberrantly expressed genes ([@b8-ijo-54-05-1691],[@b9-ijo-54-05-1691]) involved in CRC have been identified, determining which factors are the most important in CRC development is difficult, due to its complex genetic background. Thus, the identification of new biomarkers for the diagnosis, prognostic prediction, and therapeutic targeting of CRC would have great clinical relevance.

The present study queried the UALCAN portal ([@b10-ijo-54-05-1691]) (<http://ualcan.path.uab.edu/index.html>) with the aim to obtain such a target gene. Through analysis of publicly available data from the UALCAN database, zinc finger protein 692 (ZNF692) was identified to be overexpressed in the following fourteen malignancies: bladder urothelial carcinoma, colon adenocarcinoma (COAD), lung adenocarcinoma (LUAD), renal clear cell carcinoma, prostate adenocarcinoma, lung squamous cell carcinoma, head and neck squamous cell carcinoma, renal papillary cell carcinoma, esophageal carcinoma, hepatocellular carcinoma, rectal adenocarcinoma, uterine corpus endometrial carcinoma, cholangiocarcinoma, and gastric adenocarcinoma. Furthermore, ZNF692 was associated with an unfavorable prognosis in four malignancies: COAD, renal clear cell carcinoma, hepatocellular carcinoma and adrenocortical carcinoma. A previous comprehensive analysis from our group of RNA sequencing (RNA-seq) data from the Cancer Genome Atlas (TCGA) also confirmed that ZNF692 is overexpressed in COAD ([@b11-ijo-54-05-1691]). The gene encoding ZNF692, also known as AREBP and Zfp692, is located on chromosomal region 1q44 and produces a 2,208 bp mRNA expressing a 524 amino acid protein. ZNF692 belongs to the Krüppel C2H2-type zinc finger protein family, it contains five C2H2-type zinc finger repeats and is predicted to be involved in transcriptional regulation. Accumulating evidence has suggested that this type of zinc finger protein has important biological functions in tumor formation and progression ([@b12-ijo-54-05-1691],[@b13-ijo-54-05-1691]). For example, zinc finger protein 639 (also known as ZASC1), a novel member of the Krüppel C2H2-type zinc finger protein family, was reported to be an independent prognostic indicator in esophageal squamous cell (ESC) carcinoma; furthermore, ZASC1 upregulation promoted the growth of ESC cells, while ZASC1 downregulation produced the opposite effect ([@b14-ijo-54-05-1691]). In addition, zinc finger X-chromosomal protein (ZFX), a novel member of this family, was demonstrated to be highly expressed in osteosarcoma ([@b15-ijo-54-05-1691]), hepatocellular carcinoma ([@b16-ijo-54-05-1691]), glioblastoma ([@b17-ijo-54-05-1691]), and CRC ([@b18-ijo-54-05-1691]). Finally, these studies indicated that ZFX expression was positively correlated with advanced stage and poor survival and had important roles in tumor progression. Considering that ZNF692 is overexpressed in many tumors and the important roles of this family of proteins in cancer, it can be hypothesized that ZNF692 may be involved in the tumorigenesis of COAD.

The present study demonstrated that ZNF692 expression was upregulated in COAD tissues and cells. High ZNF692 expression was correlated with lymph node metastasis, distant metastasis and tumor stage in patients with COAD. In addition, ZNF692 knockdown attenuated cell proliferation, migration and invasion *in vitro* and *in vivo*; conversely, ZNF692 upregulation produced the opposite effects. Flow cytometric analysis revealed that ZNF692 knockdown induced G1-phase cell cycle arrest in COAD cells, whereas ZNF692 overexpression promoted G1/S phase transition. Furthermore, the present results demonstrated that ZNF692 acts via regulating cyclin D1, cyclin-dependent kinase 2 (CDK2), p27^Kip1^ and matrix metalloproteinase-9 (MMP-9) expression, through activation of the phosphoinositide 3-kinase (PI3K)/AKT serine/threonine kinase (AKT) signaling pathway. The PI3K/AKT inhibitor LY294002 markedly reversed ZNF692-induced cyclin D1 and MMP-9 expression. These results suggested that ZNF692 may have an important role in the progression and metastasis of COAD and might be a new therapeutic target in patients with this disease.

Materials and methods
=====================

Bioinformatics analysis
-----------------------

The target gene was obtained by querying the UALCAN portal (<http://ualcan.path.uab.edu>.). The detailed procedures for querying the UALCAN portal have been previously described ([@b10-ijo-54-05-1691]). TCGA RNA-seq V2 exon data (level 3, raw count) and clinical information of COAD patients were downloaded from the TCGA data portal (<https://tcga-data.nci.nih.gov/>). The data were compared with the annotation information of the mRNA chromosomal location of the Gencode (v25) database (<https://www.gencodegenes.org/>). The raw count was normalized to log-counts per million (CPM) values using the R package edgeR ([@b19-ijo-54-05-1691]) (<http://www.bioconductor.org/packages/release/bioc/html/edgeR.html>). The detailed procedures for bioinformatics analyses have been described in a previous study ([@b11-ijo-54-05-1691]). Tumor staging was based on the guidelines of the American Joint Committee on Cancer (AJCC) staging system, 7th edition ([@b20-ijo-54-05-1691]). Data for 326 samples (285 tumor samples and 41 normal tissue samples) were downloaded. Of these, 194 patients who did not undergo radiotherapy prior to surgery with complete information (age, sex, pathologic stage, pathology T/N/M stage) were included in the present study. The clinicopathological features of these patients are presented in [Table I](#tI-ijo-54-05-1691){ref-type="table"}.

Patients
--------

The study was approved by the Ethics Committee of the First Affiliated Hospital of Harbin Medical University (Harbin, China). Written informed consent was obtained from all subjects. A total of eight fresh COAD tissues and paired adjacent normal tissues were collected from patients who underwent colon resection from March 2017 to June 2017 at The First Affiliated Hospital of Harbin Medical University. The mean age of the patients was 63.5 years (range, 42--78 years), and the male-to-female ratio was 3:5. All tissues were snap-frozen and stored at −80°C until use. None of the participants received chemotherapy or radiotherapy prior to surgery.

Cell culture and reagents
-------------------------

The human intestinal epithelial cell line NCM460 and COAD cell lines HCT116, LoVo and DLD-1 were obtained from Shanghai Fuheng Biological Technology Co., Ltd. (Shanghai, China). NCM460 and DLD-1 cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA). LoVo cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.), and HCT116 cells were cultured in McCoy\'s 5A medium (Thermo Fisher Scientific, Inc.). All culture media were supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin). The cells were incubated at 37°C in a humidified chamber containing 5% CO~2~. The PI3K inhibitor LY294002 was obtained from Abcam (cat. no. ab146593; Abcam, Cambridge, UK).

Lentivirus-mediated RNA interference and transfection of overexpression plasmids
--------------------------------------------------------------------------------

The lentiviral vectors were designed and produced by GeneChem Co., Ltd. (Shanghai, China), and transfections were performed following the manufacturer\'s protocol. The short hairpin RNA (shRNA) sequences were as follows: Lv-sh-ZNF692 \#1, TTGTCATCCACAGACGTAT; Lv-sh-ZNF692 \#2, AGTATTTGAATCACCACAA; and Lv-sh-ZNF692 \#3, AGATTTGGAATCTGAGCAT. The sequence of the negative control shRNA (Lv-NC) was TTC TCCGAACGTGTCACGT. In addition, the full-length human ZNF692 cDNA was inserted into the pcDNA3.1 vector to generate the overexpressing pcDNA ZNF692 construct. A total of 1×10^6^ HCT116 cells were seeded in 6-well plates and cultured for 24 h to 80--90% confluence. Then, the cells were transfected with negative control pcDNA (4 *µ*g/well) or pcDNA ZNF692 (4 *µ*g/well) by using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). At 48 h post-transfection, the cells were harvested and the transfection efficiency was evaluated by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting.

Immunohistochemistry (IHC)
--------------------------

Briefly, formalin-fixed and paraffin-embedded tumor tissues were cut into 4 *µ*m-thick sections. The sections were deparaffinized by xylene, rehydrated in a graded series of ethanol, incubated with 3% H~2~O~2~ for 30 min, blocked with 3% bovine serum albumin for 1 h, and incubated with an anti-Ki-67 antibody (polyclonal, rabbit anti-human IgG; 1:50; cat. no. WL0280a; Wanleibio Co., Ltd., Shenyang, China) at 4°C overnight. The next day, the tissue sections were incubated with a secondary antibody (biotin-labeled goat anti-rabbit IgG; 1:200; cat. no. A0277; Beyotime Institute of Biotechnology, Shanghai, China) and streptavidin-HRP (HRP-labeled streptavidin; 1:200; cat. no. A0303; Beyotime Institute of Biotechnology) at room temperature for 30 min. Color was developed using a 3,3′-diaminobenzidine (DAB) Substrate kit (cat. no. DA1010; Beijing Solarbio Science and Technology Co., Ltd., Beijing, China). The tissue sections were counterstained with hematoxylin. IHC analysis was performed as previously described ([@b21-ijo-54-05-1691]).

RNA extraction and RT-qPCR
--------------------------

Total RNA was extracted from tissues or cells using a total RNA extraction kit (cat. no. AP-MNMS-RNA-250; Axygen BioScience Inc., Union City, CA, USA) following the manufacturer\'s instructions. RNA was reverse transcribed to first-strand cDNA using ReverTra Ace qPCR RT Master Mix with gDNA Remover (cat. no. FSQ-301; Toyobo Co., Ltd., Osaka, Japan). Quantitative detection of ZNF692 was performed using cDNA with the THUNDERBIRD SYBR qPCR Mix (cat. no. QPS-201; Toyobo Co., Ltd.) with an ABI 7500 Fast system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following thermal cycling protocol was used: heating at 95°C for 60 sec, followed by denaturation at 95°C for 15 sec, annealing at 60°C for 30 sec and elongation at 72°C for 60 sec. The sequences of the forward and reverse primers used for reactions were as follows: ZNF692, forward, 5′-CTCCAACCGGCA GTAT TTG-3′ and reverse, 5′-GTGCTCCTTCAGGTG TTTCTT-3′; and GAPDH, forward, 5′-GCTCTCTGCTCCT CCTGTTC-3′ and reverse, 5′-ACGACCAAATCCGTTGA CTC-3′. The primers were provided by Sangon Biotech (Shanghai, China). The relative expression level of ZNF692 was calculated using the comparative cycle threshold (2^−ΔΔCq^) method ([@b22-ijo-54-05-1691]). GAPDH was used as the internal control.

Cell proliferation analysis
---------------------------

Cell proliferation was monitored using Cell Counting Kit-8 (CCK-8; cat. no. HY-K0301; MedChemExpress Monmouth Junction, NJ, USA) assays. DLD-1 and LoVo cells transfected with Lv-sh-ZNF692 \#1 (3,000 cells/well) and HCT116 cells transfected with pcDNA ZNF692 were seeded in a 96-well plate for 24 h and cultured in normal medium. Next, 10 *µ*l CCK-8 assay solution was added to each well once daily for 4 days, and the cells were incubated for 2 h after addition of CCK-8 solution, according to the manufacturer\'s instructions. The relative number of surviving cells was assessed by measuring the absorbance at a wavelength of 450 nm.

Colony formation assays
-----------------------

For colony formation assays, cells were seeded in 6-well plates at a density of 500 cells per well and cultured at 37°C for 14 days. The colonies formed were fixed with methyl alcohol and stained with 0.1% crystal violet for 20 min. The number of visible colonies was counted manually. The experiment was performed in triplicate.

Flow cytometric analysis of the cell cycle
------------------------------------------

This analysis was conducted with a cell cycle detection reagent kit (cat. no. FXP0211; 4A Biotech, Beijing, China). Transfected cells and corresponding control cells were seeded in 6-well plates and cultured for 24 h to 100% confluence. After washing with PBS, the cells were digested using 0.25% trypsin and then collected and washed 2 times with 1 ml precooled PBS. The cells were fixed with 0.5% paraformaldehyde for 15 min and permeabilized with precooled 70% ethanol at 4°C overnight. The cells were centrifuged at 60 × g for 10 min, and the ethanol was removed. Finally, 40 *µ*g/ml propidium iodide (PI) solution and 2.5 mg/ml RNase A were added to the cells, mixed in the dark and left at 37°C for 30 min. The DNA content of the cells was quantified by flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA), and the data were processed using ModFit LT software (Verity Software House Inc., Topsham, ME, USA).

Wound healing assay
-------------------

Transfected cells and corresponding control cells (1×10^6^ cells) were seeded in 6-well plates and cultured for 24 h to 90% confluence. Then, wounds were created using a 200 *µ*l plastic pipette tip, and images were acquired at 0 and 36 h after wounding using a microscope. The speed of wound closure in multiple fields reflected the migratory ability of the tumor cells. The assay was repeated three times.

Migration and invasion assays
-----------------------------

Transfected cells and the corresponding control cells (5×10^4^ cells) suspended in 200 *µ*l of serum-free medium were cultured in the top chamber with or without BD Matrigel (BD Biosciences) coating, while 700 *µ*l of base medium supplemented with 10% FBS was added to the lower chamber. After 24 h, the cells were fixed with methanol, and the cells in the upper chamber were swabbed. The cells in the lower chamber were subsequently stained with a 0.1% crystal violet solution and imaged. Five random fields (magnification, ×100) were observed by microscopy, and the average number of cells in the five fields was used for quantitative analysis. The experiment was repeated three times.

Immunofluorescence (IF)
-----------------------

For IF, formalin-fixed and paraffin-embedded tumor tissues were cut into 5 *µ*m thick sections. The sections were deparaffinized by xylene for 15 min, rehydrated in 95, 85 and 75% ethanol for 1 min, respectively. Then the slices were washed with PBS and blocked with 10% normal goat serum. After 15 min, the slices were incubated with an anti-ZNF692 antibody (polyclonal, rabbit anti-human IgG; 1:100; cat. no. NBP2-56800; Novus Biologicals, Littleton, CO, USA) overnight at 4°C. The slices were subsequently incubated with Cy3-tagged fluorescent secondary antibodies (1:200; cat. no. A0516; Beyotime Institute of Biotechnology) for 1 h in the dark. Then, the slices were washed with PBS for 15 min and counterstained with DAPI, and the IF signals were visualized with a fluorescence microscope (DP73; Olympus Corporation, Tokyo, Japan).

Western blotting
----------------

Total protein was extracted from the samples using radioimmunoprecipitation assay (RIPA) lysis buffer (cat. no. P0013B; Beyotime Institute of Biotechnology) with protease and phosphatase inhibitors. Protein concentration was measured with a Bradford protein assay kit (cat. no. P0012S; Beyotime Institute of Biotechnology). Equal amounts of protein (40 *µ*g/lane) were separated by 10% SDS-PAGE (cat. no. P0012A; Beyotime Institute of Biotechnology) and transferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% non-fat milk for 1 h at room temperature and then incubated with the following antibodies overnight at 4°C: anti-ZNF692 (polyclonal, rabbit anti-human IgG; 1:1,000; cat. no. NBP2-56800; Novus Biologicals), anti-p27 (polyclonal, rabbit anti-human IgG; 1:500; cat. no. WL01769; Wanleibio Co., Ltd.), anti-cyclin D1 (polyclonal, rabbit anti-human IgG; 1:800; cat. no. WL01580; Wanleibio Co., Ltd.), anti-CDK2 (polyclonal, rabbit anti-human IgG; 1:1000; cat. no. WL02028; Wanleibio Co., Ltd.), anti-AKT (polyclonal, rabbit anti-human IgG; 1:500; cat. no. WL01619; Wanleibio Co., Ltd.), anti-phsphorylated (p-) AKT(Ser473) (polyclonal, rabbit anti-human IgG; 1:500; cat. no. WLP001a; Wanleibio Co., Ltd.), anti-MMP-9 (polyclonal, rabbit anti-human IgG; 1:800; cat. no. WL01580; Wanleibio Co., Ltd.), anti-extracellular signal-regulated kinase (ERK) 1/2 (polyclonal, rabbit anti-human IgG; 1:500; cat. no. WL02195; Wanleibio Co., Ltd.), anti-p-ERK1/2 (polyclonal, rabbit anti-human IgG; 1:500; cat. no. WL02368; Wanleibio Co., Ltd.), anti-c-Jun N-terminal kinase (JNK; polyclonal, rabbit anti-human IgG; 1:500; cat. no. WL01295; Wanleibio Co., Ltd.), anti-p-JNK (polyclonal, rabbit anti-human IgG; 1:500; cat. no. WL01813; Wanleibio Co., Ltd.), anti-GAPDH (monoclonal, mouse anti-human IgG; 1:1,000; cat. no. KC-5G4; KangChen Biotech, Shanghai, China) and anti-β-actin (polyclonal, mouse anti-human IgG; 1:1,000; cat. no. TA-09; ZSGB-BIO, Beijing, China). The membranes were subsequently incubated with anti-rabbit secondary antibody (peroxidase-conjugated goat anti-rabbit IgG; 1:10,000; cat. no. ZB-2301; ZSGB-BIO) or anti-mouse secondary antibody (peroxidase-conjugated goat anti-mouse IgG; 1:10,000; cat. no. ZB-2305; ZSGB-BIO), and protein signals were visualized by enhanced chemiluminescence detection with a Bio-Rad gel imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Experimental mouse model
------------------------

A total of 10 six-week-old female BALB/c nude mice (20 g) were obtained from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and maintained under specific pathogen-free conditions. The experimental protocol was reviewed and approved by the Institutional Animal Care and Use Committee of Harbin Medical University (Harbin, China). Briefly, 1×10^6^ cells stably transfected with DLD-1-Lv-NC or DLD-1-Lv-sh-ZNF692 \#1 in 0.1 ml PBS were subcutaneously injected into the back of nude mice. Tumor length (L) and width (W) were measured every 5 days, and the tumor volume was calculated using the following formula: volume = L×W^2^×0.5. After 4 weeks, the mice were sacrificed, and tumor volume and weight were measured.

Statistical analysis
--------------------

Data are presented as the mean ± standard deviation and were analyzed using IBM SPSS Statistics, version 23.0 (IBM Corp., Armonk, NY, USA). GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA) was applied to generate graphs. Statistical significance was determined using the Chi-square test and two-tailed Student\'s t-test. Multiple groups were analyzed using one-way analysis of variance followed by the Least Significance Difference (LSD) post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

ZNF692 expression is upregulated in COAD cell lines and tissues
---------------------------------------------------------------

Based on TCGA RNA-seq data available from UALCAN, expression analysis demonstrated that the mean expression values of ZNF692 were significantly higher in COAD tissues compared with adjacent normal tissues (P\<0.001; [Fig. 1A and B](#f1-ijo-54-05-1691){ref-type="fig"}), consistent with previous research results from our group ([@b11-ijo-54-05-1691]) (P\<0.001; [Fig. 1C](#f1-ijo-54-05-1691){ref-type="fig"}). The Kaplan-Meier plot of overall survival (OS) in patients with COAD provided by UALCAN revealed that COAD patients with higher ZNF692 expression had poorer prognoses compared with patients with lower ZNF692 expression (P\<0.05; [Fig. 1D](#f1-ijo-54-05-1691){ref-type="fig"}). This association was also evident in three other types of cancer, namely, adrenocortical carcinoma, renal clear cell carcinoma and hepatocellular carcinoma ([Fig. S1](#SD1-ijo-54-05-1691){ref-type="supplementary-material"}). Furthermore, ZNF692 was highly expressed in thirteen other types of cancer, including bladder urothelial carcinoma, LUAD, renal clear cell carcinoma, prostate adenocarcinoma, lung squamous cell carcinoma, head and neck squamous cell carcinoma, renal papillary cell carcinoma, esophageal carcinoma, hepatocellular carcinoma, rectal adenocarcinoma, uterine corpus endometrial carcinoma, cholangiocarcinoma, and gastric adenocarcinoma ([Fig. S2](#SD1-ijo-54-05-1691){ref-type="supplementary-material"}). We thus speculated that ZNF692 is highly expressed in COAD and has an important role in COAD development. Therefore, ZNF692 expression was further validated in 8 paired COAD and adjacent normal tissues and the results demonstrated that ZNF692 mRNA and protein expression was markedly upregulated in COAD tissue samples compared with the matched adjacent normal tissue samples ([Fig. 1E and F](#f1-ijo-54-05-1691){ref-type="fig"}).

Higher ZNF692 expression is correlated with advanced clinicopathological features in COAD patients
--------------------------------------------------------------------------------------------------

To explore the role of ZNF692 in COAD, ZNF692 mRNA expression was examined in human COAD tissues (194 samples) downloaded from TCGA. The clinicopathological data of all these patients are listed in [Table I](#tI-ijo-54-05-1691){ref-type="table"}. The relative expression levels of ZNF692 in tumor tissues were categorized as low or high relative to the median value of ZNF692 expression. As presented in [Table II](#tII-ijo-54-05-1691){ref-type="table"}, a Chi-square test indicated that increased ZNF692 levels correlated significantly with lymph node metastasis (N0 vs N1-N3, P\<0.05), distant metastasis (M0 vs M1, P\<0.01) and tumor stage (I-II vs III-IV, P\<0.01). Other clinicopathological characteristics, such as age, sex and tumor invasion depth, were not significant.

Silencing ZNF692 suppresses the proliferative ability of COAD cells in vitro
----------------------------------------------------------------------------

As expected, ZNF692 expression was upregulated in COAD cell lines compared with NCM460 normal colon epithelial cells ([Fig. 2A and B](#f2-ijo-54-05-1691){ref-type="fig"}). The DLD-1 and LoVo cell lines were selected for further experiments, since they exhibited the highest expressions levels of ZNF692. To gain insights into the biological functions of ZNF692 in COAD cells, Lv-sh-NC and Lv-sh-ZNF692 \#1, \#2, and \#3 lentiviral constructs were introduced into DLD-1 and LoVo cells. Knockdown of ZNF692 was confirmed by RT-qPCR and western blotting ([Fig. 2C and D](#f2-ijo-54-05-1691){ref-type="fig"}). Lv-sh-ZNF692 \#1 was selected for further study because it resulted in the highest knockdown efficiency (P\<0.01). To assess the effect of ZNF692 on the proliferative ability of COAD cells, CCK-8 and colony formation assays were performed. The results of these assays demonstrated that ZNF692 knockdown cells displayed reduced viability and colony formation efficiency (P\<0.01; [Fig. 2E and F](#f2-ijo-54-05-1691){ref-type="fig"}). To determine the pro-proliferative effect of ZNF692, flow cytometric analysis of the cell cycle was performed. As illustrated in [Fig. 2G](#f2-ijo-54-05-1691){ref-type="fig"}, ZNF692 silencing resulted in G1 arrest in COAD cells (P\<0.05).

ZNF692 knockdown inhibits the migration and invasion of COAD cells in vitro
---------------------------------------------------------------------------

To examine the effect of ZNF692 on cell migration, wound healing assays and Transwell migration assays were employed. The results demonstrated that ZNF692 knockdown decreased the migration of DLD-1 (P\<0.05) and LoVo cells (P\<0.01) compared with the control group ([Fig. 3A and C](#f3-ijo-54-05-1691){ref-type="fig"}). Furthermore, Transwell invasion assays revealed that the invasive potential was also significantly decreased in DLD-1 and LoVo cells transfected with sh-ZNF692 \#1, compared with cells transfected with the sh-NC control (P\<0.01; [Fig. 3D](#f3-ijo-54-05-1691){ref-type="fig"}).

ZNF692 promotes COAD cell proliferation, migration and invasion in vitro
------------------------------------------------------------------------

Having confirmed the inhibitory effects of ZNF692 knockdown in COAD cells, HCT116 cells, which exhibit low levels of ZNF692 ([Fig. 1](#f1-ijo-54-05-1691){ref-type="fig"}), were employed next in order to overexpress ZNF692 and to evaluate the effects on cell proliferation, migration, and invasion. The transfection efficiency of the ZNF692 overexpression constructs was confirmed by RT-qPCR and western blot analysis (P\<0.05; [Fig. 4A and B](#f4-ijo-54-05-1691){ref-type="fig"}). Functional analyses demonstrated that ZNF692 overexpression significantly increased proliferation (P\<0.01; [Fig. 4C](#f4-ijo-54-05-1691){ref-type="fig"}), colony formation (P\<0.01; [Fig. 4D](#f4-ijo-54-05-1691){ref-type="fig"}), cell cycle progression to the S phase (P\<0.01; [Fig. 4E](#f4-ijo-54-05-1691){ref-type="fig"}), migration (P\<0.05; [Fig. 4F and G](#f4-ijo-54-05-1691){ref-type="fig"}) and invasion (P\<0.01; [Fig. 4H](#f4-ijo-54-05-1691){ref-type="fig"}) in HCT116 cells. These results demonstrate that ZNF692 promotes COAD cell proliferation, migration and invasion *in vitro*.

Effect of ZNF692 knockdown on tumor growth in vivo
--------------------------------------------------

The role of ZNF692 in tumorigenicity was further explored *in vivo*. To this end, DLD-1 cells were stably transfected with Lv-NC or Lv-sh-ZNF692 \#1 and subcutaneously injected into the back of nude mice. As presented in [Fig. 5A](#f5-ijo-54-05-1691){ref-type="fig"}, the tumors arising from cells transfected with sh-ZNF692 \#1 were markedly smaller compared with those arising from cells transfected with sh-NC. Quantification of the tumor weights and volumes also demonstrated that the Lv-NC group tumors were significantly larger compared with the sh-ZNF692 \#1 group (P\<0.01; [Fig. 5B and C](#f5-ijo-54-05-1691){ref-type="fig"}). In addition, the xenograft tumor growth curve indicated that the tumors from the sh-ZNF692 \#1-transfected group grew substantially more slowly, in a time-dependent manner, compared with the tumors from the sh-NC group ([Fig. 5D](#f5-ijo-54-05-1691){ref-type="fig"}). IF analysis results revealed that ZNF692 localized to the nucleus and that ZNF692 expression was markedly decreased in tumors arising from cells transfected with sh-ZNF692 \#1 ([Fig. 5E](#f5-ijo-54-05-1691){ref-type="fig"}). According to IHC analysis, ZNF692 knockdown significantly decreased the expression of the cell proliferation marker Ki-67 ([Fig. 5F](#f5-ijo-54-05-1691){ref-type="fig"}).

ZNF692 promotes COAD cell proliferation, migration and invasion by regulating cyclin D1, p27 and MMP-9 expression through the PI3K/AKT pathway
----------------------------------------------------------------------------------------------------------------------------------------------

To further explore the molecular mechanisms by which ZNF692 mediates biological behavior, the PI3K/AKT and mitogen-activated protein kinase pathways were assessed using western blot analysis in COAD cells with ZNF692 knockdown or overexpression. As illustrated in [Fig. 6A-D](#f6-ijo-54-05-1691){ref-type="fig"}, ZNF692 knockdown decreased AKT phosphorylation in DLD-1 (P\<0.05) and LoVo (P\<0.01) cells, but the opposite results were obtained when ZNF692 was upregulated in HCT116 cells (P\<0.01). However, total AKT expression was not affected. No changes were observed in p-ERK1/2 or p-JNK expression, indicating that ZNF692 promoted the PI3K/AKT pathway independently ([Fig. S3](#SD1-ijo-54-05-1691){ref-type="supplementary-material"}). Then, several key PI3K/AKT downstream molecules were explored, namely cyclin D1, CDK2, p27^Kip1^ and MMP-9. As illustrated in [Fig. 6A-D](#f6-ijo-54-05-1691){ref-type="fig"}, cyclin D1, CDK2 and MMP-9 protein expression was significantly inhibited and p27^Kip1^ protein expression was upregulated in ZNF692-silenced COAD cells; ZNF692 overexpression produced the opposite effect in HCT116 cells. Additionally, LY294002 was used to investigate whether ZNF692 regulating COAD cells depends on PI3K/AKT signaling. As presented in [Fig. 6E](#f6-ijo-54-05-1691){ref-type="fig"}, cyclin D1 and MMP-9 expression induced by ectopic ZNF692 expression was significantly reversed following treatment of HCT116 cells with LY294002 (20 *µ*M).

Discussion
==========

ZNF692 was first reported to have an important role in gluconeogenesis by Inoue and Yamauchi ([@b23-ijo-54-05-1691]), who demonstrated that the transcription factor ZNF692 is phosphorylated at Ser^470^ by AMP-activated protein kinase (AMPK) and then represses expression of phosphoenolpyruvate carboxykinase (PEPCK), a key enzyme in gluconeogenesis ([@b23-ijo-54-05-1691],[@b24-ijo-54-05-1691]). PEPCK is reportedly downregulated in human colon cancer cell lines and is associated with 5-fluorouracil (5-FU) resistance and cell proliferation ([@b25-ijo-54-05-1691],[@b26-ijo-54-05-1691]). Huang *et al* ([@b27-ijo-54-05-1691]) recently performed gene expression analysis and reported that ZNF692 is involved in the relapse of Wilms tumors. Zhang *et al* ([@b28-ijo-54-05-1691]) demonstrated that ZNF692 expression is elevated in LUAD tissues, and ZNF692 downregulation suppresses LUAD cell proliferation, migration and invasion *in vitro* and inhibits the tumorigenicity of LUAD cells *in vivo*. However, the function of ZNF692 in carcinogenesis and tumor progression in COAD has remained unclear.

In the current study, ZNF692 expression was investigated in human COAD tissues and cell lines and compared with paired normal tissues from the patients and a human intestinal epithelial cell line, respectively. The results revealed that all COAD tissues and cell lines exhibited high ZNF692 expression compared with the respective controls. To the best of our knowledge, the present study is the first to demonstrate that ZNF692 is upregulated in COAD tissues and cell lines, which is consistent with the results of the TCGA data analysis. In addition, ZNF692 expression was significantly correlated with lymph node metastasis, distant metastasis and tumor stage in COAD patients. As high ZNF692 expression was associated with an aggressive tumor phenotype in COAD, it was speculated that ZNF692 may have an important role in tumor biology. Therefore, functional *in vitro* and *in vivo* experiments were conducted to investigate the role of ZNF692 in COAD cell growth, migration and invasion. As expected, the results revealed that ZNF692 knockdown suppressed COAD cell proliferation, migration and invasion and reduced xenograft tumor growth, whereas ZNF692 overexpression enhanced cell proliferation, migration and invasion. Furthermore, ZNF692 inhibited COAD cell growth by inducing G1 phase arrest. Therefore, the present observations strongly suggest that ZNF692 functions as an oncogene in COAD and may be a novel prognostic indicator for this disease.

To explore the molecular mechanism through which ZNF692 contributes to cell proliferation in COAD, potential target proteins in cell cycle regulation were investigated. The cell cycle is divided into four phases and is regulated by a series of checkpoints involving cyclins and CDKs ([@b29-ijo-54-05-1691],[@b30-ijo-54-05-1691]). Entry into the G1 phase from the G0 phase is dependent on the cyclin D1-CDK4/CDK6 complex ([@b30-ijo-54-05-1691],[@b31-ijo-54-05-1691]), whereas the cyclin E/CDK2 complex serves an important role in the transition from the G1 phase to the S phase ([@b32-ijo-54-05-1691]). In the present study, ZNF692 expression was up- or downregulated and then cell cycle-related protein expression was probed. Western blot analysis revealed that cyclin D1 and CDK2 expression levels were reduced or elevated following the downregulation or upregulation of ZNF692, respectively. The present results demonstrated that ZNF692 blocked cell cycle progression in the G1 phase by altering the expression levels of cyclin D1 and CDK2 in COAD cells. p27^Kip1^ is a member of the kinase inhibitor protein (KIP) family, and many studies have reported that p27^Kip1^ blocks cell cycle progression by inhibiting the activity of cyclin-CDK complexes ([@b33-ijo-54-05-1691],[@b34-ijo-54-05-1691]). The current western blot results indicated that ZNF692 silencing significantly increased the expression of p27^Kip1^. Furthermore, ZNF692 overexpression decreased p27^Kip1^ levels. These data suggest that p27^Kip1^ may be a major downstream effector of ZNF692.

The PI3K/AKT pathway is one of the most frequently deregulated pathways in cancer ([@b35-ijo-54-05-1691]-[@b37-ijo-54-05-1691]). PI3K transduces various signals, such as growth factors and cytokines, from the extracellular matrix (ECM) into the intracellular environment, which in turn results in the phosphorylation of AKT ([@b38-ijo-54-05-1691],[@b39-ijo-54-05-1691]). Multiple studies have reported that the PI3K/AKT pathway can enhance cancer cell proliferation via the induction of cyclin D1 and CDK2 expression and repression of p27^Kip1^ ([@b40-ijo-54-05-1691]-[@b42-ijo-54-05-1691]). Thus, the present study examined the effects of ZNF692 on the PI3K/AKT pathway. The results demonstrated that sh-ZNF692 \#1 significantly decreased p-AKT levels in DLD-1 and LoVo cells, but did not affect total AKT protein expression. However, ectopic overexpression of ZNF692 increased p-AKT protein expression. Therefore, these findings indicated that ZNF692 may have an oncogenic role in COAD by promoting the upregulation of cyclin D1 and CDK2 and the downregulation of p27^Kip1^ through the PI3K/AKT pathway. This hypothesis was also supported by the addition of LY294002, which dramatically reversed the ZNF692-induced cyclin D1 expression.

Invasion and metastasis are predominant characteristics of cancer and the greatest challenge in its clinical management ([@b43-ijo-54-05-1691],[@b44-ijo-54-05-1691]). In the present study, the *in vitro* functional experiments wound healing assays and Transwell assays were employed, and the results demonstrated that the migration and invasion capabilities of COAD cells were closely dependent to the ZNF692 expression levels. These results are in line with the clinical findings that ZNF692 correlates significantly with lymph node metastasis and distant metastasis. It was thus speculated that ZNF692 may have an important role in the invasion and metastasis of COAD. MMPs are key enzymes that degrade the ECM barrier, enabling cancer cells to invade and metastasize ([@b45-ijo-54-05-1691]). MMP-9, also known as gelatinase-B, is well known for its role in basement membrane degradation ([@b46-ijo-54-05-1691]). Multiple studies have reported that MMP-9 is associated with tumor invasion and metastasis ([@b47-ijo-54-05-1691]--[@b49-ijo-54-05-1691]). Accumulating data have demonstrated that MMP-9 functions downstream of the PI3K/AKT pathway to regulate tumor cell migration and invasion ([@b50-ijo-54-05-1691],[@b51-ijo-54-05-1691]). To decipher the molecular mechanism through which ZNF692 contributes to cell migration and invasion, the MMP-9 protein expression levels were analyzed by western blotting, in the presence or absence of LY294002. The results suggested that ZNF692 increased the migration and invasion of COAD cells potentially by increasing MMP-9 expression via the PI3K/AKT pathway.

Despite the noteworthy findings, the present study has several limitations to be addressed in future research. First, the TCGA RNA-seq data on ZNF692 prognosis analysis should be further confirmed by RT-qPCR at the level of transcription in another set of COAD patients with complete follow-up information. Second, the protein expression levels of ZNF692 in COAD tissues should be detected by IHC to confirm the association between clinicopathological features and ZNF692 expression.

In summary, the present findings revealed that ZNF692 expression is significantly upregulated in COAD tissues and cell lines and that high ZNF692 expression is significantly associated with lymph node metastasis, distant metastasis and tumor stage. Furthermore, ZNF692 promoted COAD cell proliferation, migration and invasion via the PI3K/AKT pathway. Thus, ZNF692 may serve as a novel oncogene and a potential treatment target in patients with COAD.
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![ZNF692 is upregulated in COAD patient tissues. (A) ZNF692 is overexpressed in COAD tissues in a TCGA COAD dataset available from UALCAN. (B) ZNF692 expression in COAD cases based on individual cancer stage in a TCGA COAD dataset available from UALCAN. (C) Correlation of ZNF692 expression in COAD tissue specimens (n=26) and matched normal tissues (n=26) in the downloaded TCGA dataset. (D) Kaplan--Meier plot of OS of patients with COAD stratified by ZNF692 expression from the data available from UALCAN. (E) Reverse transcription-quantitative polymerase chain reaction and (F) western blotting assays confirmed the ZNF692 overexpression in patient COAD tissues compared with adjacent normal tissues. GAPDH and β-actin were used as endogenous controls. The experiments were performed three times, and the data are presented as the mean ± standard deviation. ^\*\*^P\<0.01. ZNF692, zinc finger protein 692; COAD, colon adenocarcinoma; TCGA, The Cancer Genome Atlas; OS, overall survival; T, tumor tissue; N, normal tissue.](IJO-54-05-1691-g00){#f1-ijo-54-05-1691}

![ZNF692 knockdown inhibits the proliferation and colony formation of COAD cells. (A) mRNA and (B) protein expression levels of ZNF692 were evaluated by RT-qPCR and western blotting, respectively, in NCM460 cells and COAD cell lines. (C) RT-qPCR and (D) western blot analysis of the transfection efficiency of Lv-shRNA-ZNF692 in DLD-1 and LoVo cells. (E) CCK-8 assays of sh-NC- and sh-ZNF692 \#1-transfected DLD-1 and LoVo cells. (F) Analysis of the colony formation capacity of sh-NC- and sh-ZNF692 \#1-transfected DLD-1 and LoVo cells. (G) Flow cytometry analysis of the cell cycle phase distribution of DLD-1 and LoVo cells following the indicated transfections. The experiments were performed three times, and the data are presented as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs sh-NC. ZNF692, zinc finger protein 692; COAD, colon adenocarcinoma; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; CCK-8, Cell Counting Kit-8; shRNA, short hairpin RNA; NC, negative control; OD, optical density.](IJO-54-05-1691-g01){#f2-ijo-54-05-1691}

![ZNF692 knockdown inhibits the migration and invasion of COAD cells. (A) Wound healing assays revealed that ZNF692 knockdown reduced the migration of DLD-1 and (B) LoVo cells. (C) Transwell migration and (D) invasion assays revealed that ZNF692 knockdown reduced the migration and invasion of DLD-1 and LoVo cells. Magnification, ×100. Scale bar, 100 *µ*m. The experiments were performed three times, and the data are presented as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs sh-NC. ZNF692, zinc finger protein 692; COAD, colon adenocarcinoma; sh, short hairpin RNA; NC, negative control.](IJO-54-05-1691-g02){#f3-ijo-54-05-1691}

![ZNF692 overexpression promotes the growth, migration and invasion of colon adenocarcinoma cells. HCT116 cells were transfected with either the pcDNA-ZNF692 overexpressing vector or an empty vector control. (A) RT-qPCR and (B) western blot analysis of the transfection efficiency of pcDNA-ZNF692 in HCT116 cells. (C) Proliferation and (D) colony formation capability were estimated by CCK-8 and colony formation assays, respectively. (E) Flow cytometry showed the distribution of pcDNA-ZNF692-transfected HCT116 cells in the G1, S, and G2/M phases of the cell cycle. (F) Cell migration ability was assessed by wound healing and (G) Transwell migration assays. (H) Invasion was assessed by the Transwell invasion assay in pcDNA-ZNF692-transfected HCT116 cells and control cells. Magnification, ×100. Scale bar, 100 *µ*m. The experiments were performed three times, and the data are presented as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs NC. ZNF692, zinc finger protein 692; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; CCK-8, Cell Counting Kit-8; NC, negative control; OD, optical density.](IJO-54-05-1691-g03){#f4-ijo-54-05-1691}

![ZNF692 knockdown inhibits xenograft tumor growth in nude mice. (A) ZNF692 knockdown reduced DLD-1 cell-derived xenograft tumor growth in nude mice (n=5). (B) Statistical comparison of differences in tumor weights and (C) volumes between the sh-NC and sh-ZNF692 \#1 groups. (D) Growth curve of DLD-1 xenograft tumors monitored in the sh-NC and sh-ZNF692 \#1 groups. (E) Expression levels and nuclear localization of ZNF692 protein were determined using immunofluorescence in xenograft tumor tissues in the sh-NC and sh-ZNF692 \#1 groups. Magnification, ×400. Scale bar, 50 *µ*m. (F) HE staining (magnification, ×200; scale bar, 100 *µ*m) and immunohistochemistry analysis of Ki-67 expression (magnification, ×400; scale bar, 50 *µ*m) in xenograft tumor tissues in the sh-NC and sh-ZNF692 \#1 groups. The data are presented as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs sh-NC. ZNF692, zinc finger protein 692; sh, short hairpin; NC, negative control; HE, hematoxylin and eosin.](IJO-54-05-1691-g04){#f5-ijo-54-05-1691}

![ZNF692 is involved in regulating the PI3K/AKT signaling pathway. (A) Representative images and (B) quantification from western blot analysis of the effects of ZNF692 knockdown on the PI3K/AKT pathway and the downstream factors cyclin D1, CDK2, p27 and MMP-9 in DLD-1 and LoVo cells. (C) Representative images and (D) quantification from western blot analysis of the effects of ZNF692 overexpression on the PI3K/AKT pathway and the downstream transcription factors cyclin D1, CDK2, p27 and MMP-9 in HCT116 cells. (E) Western blot analysis demonstrated that LY294002 effectively decreased the expression levels of cyclin D1 and MMP-9 induced by ZNF692 overexpression. The experiments were performed three times, and the data are presented as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 with comparisons indicated by brackets. ZNF692, zinc finger protein 692; PI3K; phosphoinositide 3-kinase, AKT, AKT serine/threonine kinase; CDK, cyclin-dependent kinase; MMP, matrix metalloproteinase; p-, phosphorylated; sh, short hairpin; NC, negative control.](IJO-54-05-1691-g05){#f6-ijo-54-05-1691}

###### 

Clinicopathological features of 194 patients with colon adenocarcinoma.

  Characteristics                          Value
  ---------------------------------------- -------------
  Age, years (mean ± standard deviation)   63.94±13.29
  Sex (male/female)                        105/89
  Pathologic_T (T1/T2/T3/T4)               5/34/128/27
  Pathologic_N (N0/N1/N2)                  118/51/25
  Pathologic_M (M0/M1)                     158/36
  Stage (I/II/III/IV)                      37/76/45/36

###### 

Association between the expression of ZNF692 and clinicopathological features in 194 patients with colon adenocarcinoma.

  Characteristics         ZNF692 expression   χ^2^   P-value   
  ----------------------- ------------------- ------ --------- -----------------------------------------------------
  Sex                                                1.682     0.195
   Male                   57                  48               
   Female                 40                  49               
  Age, years                                         1.065     0.302
   ≤60                    34                  41               
   \>60                   63                  56               
  Tumor invasion depth                               0.289     0.591
   T1--T2                 18                  21               
   T3--T4                 79                  76               
  Lymph node metastasis                              5.538     0.019[a](#tfn1-ijo-54-05-1691){ref-type="table-fn"}
   N0                     51                  67               
   N1--N3                 46                  30               
  Distant metastasis                                 8.731     0.003[b](#tfn2-ijo-54-05-1691){ref-type="table-fn"}
   M0                     71                  87               
   M1                     26                  10               
  TNM stages                                         7.651     0.006[b](#tfn2-ijo-54-05-1691){ref-type="table-fn"}
   I--II                  47                  66               
   III--IV                50                  31               

P\<0.05

P\<0.01 by Chi-square test. ZNF692, zinc finger protein 692.
